Nonalcoholic fatty liver disease (NAFLD) advanced to cirrhosis is often complicated by clinically significant portal hypertension, which is primarily caused by increased intrahepatic vascular resistance. Liver fibrosis has been identified as a critical determinant of this process. However, there is evidence that portal venous pressure may begin to rise in the earliest stages of NAFLD when fibrosis is far less advanced or absent. The biological and clinical significance of these early changes in sinusoidal homeostasis remains unclear. Experimental and human observations indicate that sinusoidal space restriction due to hepatocellular lipid accumulation and ballooning may impair sinusoidal flow and generate shear stress, increasingly disrupting sinusoidal microcirculation. Sinusoidal endothelial cells, hepatic stellate cells, and Kupffer cells are key partners of hepatocytes affected by NAFLD in promoting endothelial dysfunction through enhanced contractility, capillarization, adhesion and entrapment of blood cells, extracellular matrix deposition, and neovascularization. These biomechanical and rheological changes are aggravated by a dysfunctional gut-liver axis and splanchnic vasoregulation, culminating in fibrosis and clinically significant portal hypertension. We may speculate that increased portal venous pressure is an essential element of the pathogenesis across the entire spectrum of NAFLD. Improved methods of noninvasive portal venous pressure monitoring will hopefully give new insights into the pathobiology of NAFLD and help efforts to identify patients at increased risk for adverse outcomes. In addition, novel drug candidates targeting reversible components of aberrant sinusoidal circulation may prevent progression in NAFLD.
Introduction
Nonalcoholic fatty liver disease (NAFLD) is estimated to affect more than a billion individuals worldwide, including 25-30% of the US population [1, 2] . NAFLD has a strong association with visceral obesity, insulin resistance, and endothelial dysfunction [3] . The spectrum of NAFLD ranges from steatosis to steatohepatitis with a variable degree of liver fibrosis. Liver-related mortality is not substantially affected by steatosis, while 10-25% of steatohepatitis will progress into cirrhosis over 8-14 years with an increased risk of developing portal hypertension (PHT), liver failure, and hepatocellular carcinoma [4] . While substantial evidence indicates that fibrosis is the ultimate predictor of longterm outcomes in patients with NAFLD [4] [5] [6] , risk factors associated with disease progression are not fully identified.
PHT is responsible for most complications associated with advanced NAFLD. When related to chronic liver disease, PHT as a clinical manifestation of increased portal venous pressure (PVP) is generally regarded as a late consequence of parenchymal and vascular remodeling of the cirrhotic liver with extensive fibrosis as a key process of sinusoidal obstruction [7, 8] . However, observations made in clinical and experimental NAFLD suggest that PVP may begin to rise when fibrosis is far less advanced or absent [9, 10] . The significance of these early changes in sinusoidal pathobiology and the role of increased PVP in fibrosis progression and clinical outcomes of NAFLD remains unclear [11, 12] . It seems therefore timely to review current knowledge about the development of PHT across the entire spectrum of NAFLD. Identifying the cellular and molecular 1 3 origins of increased PVP in NAFLD may improve our understanding of the pathophysiology, assist risk stratification for disease progression, and define new therapeutic targets.
General Aspects of Portal Hypertension
The liver receives one-fifth of cardiac output from a dual blood supply, two-thirds of which come from the portal vein and one-third from the hepatic artery. The portal vein collects partially deoxygenated, nutrient-rich blood from the splanchnic area, while the hepatic artery delivers highly oxygenated blood to the liver. Terminal branches of the portal vein drain into the sinusoids joined by terminal hepatic arterioles to form a unique capillary network [13] . Experimental studies indicate that the hydrostatic pressure in hepatic arterioles is 20-to 40-fold higher than in terminal portal venules [14, 15] . Thus, arteriolar inflow needs to be efficiently regulated to prevent shear stress in the liver sinusoids, which are low-pressure, low-flow vascular channels linking the periportal area of portal inflow (zone 1) to the centrilobular area of central vein outflow (zone 3) (Fig. 1a) .
According to Ohm's law, vascular pressure is a function of vascular resistance and vascular flow (ΔP = R × F) [7, 8] . Depending on the site of impediment, PHT can be classified as pre-sinusoidal, sinusoidal, or post-sinusoidal. Sinusoidal PHT is the most common form, which may complicate cirrhosis of any etiology [7] . In cirrhosis, sinusoidal a Schematized microcirculatory unit of normal liver with a portal venule and a hepatic arteriole merging into a sinusoid that drains to a central vein. Sinusoidal flow from the periportal (zone 1) to the centrilobular area (zone 3) is indicated by arrows. Hepatocytes are facing the space of Disse separated from the sinusoidal bloodstream by the fenestrated plasma membrane of liver sinusoidal endothelial cells (LSECs). Hepatic stellate cells (HSCs) are located within the space of Disse, while Kupffer cells reside within the sinusoids. b In NAFLD, enlarged fatty hepatocytes (steatosis) impede sinusoidal flow, first in zone 3 and then increasingly in the entire lobule, resulting in shear stress. LSECs respond by facilitating adhesion of blood cells and losing inhibitory control over activation of HSCs and vasoconstriction, further constraining the sinusoidal space. Due to lipotoxicity, hepatocellular ballooning develops resulting in additional sinusoidal compression. In response to these structural and functional changes, LSECs become defenestrated, develop a basement membrane (capillarization), and deposit extracellular matrix (ECM) within the space of Disse, limiting macromolecular/solute exchange and causing relative hypoxia. Hepatocellular injury and death (apoptosis) represent danger signals to Kupffer cells advancing inflammation and additional cell-cell interactions, which induce fibrosis and angiogenesis, further compromising sinusoidal flow and contributing to disease progression in NAFLD architecture becomes grossly distorted leading to increased intrahepatic vascular resistance (IHVR) accompanied by vasoregulatory changes in hepatic and systemic circulation. By contrast, the term "noncirrhotic PHT" refers to diverse conditions in which elevated portal venous pressure develops in the absence of cirrhosis [16] . Besides the obvious prehepatic and post-hepatic vascular conditions, noncirrhotic portal hypertension may result from disorders of sinusoidal obstruction such as granulomatous liver disease and nodular regenerative hyperplasia [17] . According to current terminology, increased PVP in NAFLD that may develop prior to cirrhosis is not classified as noncirrhotic PHT.
PVP is traditionally measured by retrograde occlusion of a hepatic vein tributary with a balloon-tipped central vein catheter, which detects wedged hepatic venous pressure (WHVP) [18] . Using umbilical vein pressure as reference, WHVP in cirrhotic patients was found to be almost identical to PVP, and the pressure difference between wedged and free-floating catheter positions defining the hepatic venous pressure gradient (HVPG) became a widely accepted measure of PHT [19, 20] . Thus, an HVPG of 5 mm Hg or more indicates PHT and an HVPG of 10 mm Hg or more is defined as clinically significant PHT, predicting the development of esophageal varices and other complications [21, 22] . However, the biological and clinical impact of mild PHT (i.e., HVPG ranging from 5 to 10 mm Hg) on the course of NAFLD is incompletely understood.
Portal Hypertension in Noncirrhotic NAFLD
It has long been known from animal studies that steatosis may be associated with increased PVP. In a classic experiment performed more than 40 years ago, the impact of choline-deficient diet on PVP was analyzed in rats that developed fatty liver, fatty liver with fibrosis or fatty cirrhosis [23] . Surprisingly, increased PVP, decreased portal blood flow, and sinusoidal narrowing without visible abnormalities in pre-and post-sinusoidal vessels were already present in the fatty liver group, suggesting that steatosis alone is sufficient to generate PHT in this model [23] . In another study using Zucker obese rats characterized by massive steatosis but no cirrhosis, total hepatic blood flow and portal venous flow were reduced by 35 and 38%, respectively, consistent with increased IHVR compared to nonsteatotic animals [24] .
Similarly, hemodynamic alterations consistent with increased IHVR have been detected in human fatty liver. When assessed by Doppler ultrasonography, PHT is characterized by deceleration of portal vein flow and a compensatory increased flow in the hepatic artery [25] . Accordingly, portal vein pulsatility index (defined as [peak maximum velocity − peak minimum velocity]/peak maximum velocity) is low due to diminished peak maximum velocity in the portal vein, while hepatic arterial resistance index (defined as [peak systolic velocity − end diastolic velocity]/peak systolic velocity) is low due to increased end diastolic velocity in the hepatic artery. The arterioportal flow ratio combines these opposing circulatory changes and provides another correlate of portal venous pressure. In a study from Turkey comparing 35 noncirrhotic NAFLD patients with 35 healthy controls, portal vein pulsatility index and mean flow velocity inversely correlated with the ultrasonographic grade of steatosis [26] . In another study from Japan, hepatic circulation was analyzed in a cohort of 121 patients with biopsy-proven NAFLD featuring variable degree of fibrosis but no cirrhosis [27] . These authors found that the arterioportal flow ratio correlated with the histological degree of liver fibrosis and higher readings were also detected in some patients with F0 and F1 fibrosis [27] .
In a recent observational study, the prevalence of PHT was analyzed in a cohort of 354 patients undergoing liver biopsy for NAFLD staging [10] . A total of 100 patients were found to have esophageal varices, encephalopathy, splenomegaly or ascites, all consistent with clinically significant PHT. While cirrhosis was confirmed in most cases, fibrosis was mild or absent in 12 patients (12%). Moreover, extent of steatosis was the only difference when comparing noncirrhotic patients with and without PHT. These findings suggest that even clinically significant PHT may develop in some cases of NAFLD without cirrhosis if steatosis is sufficiently severe [10] . However, generalizability of this study is limited as the diagnosis of PHT was established by surrogate clinical, laboratory, and imaging markers.
More definitive evidence for the presence of PHT in noncirrhotic NAFLD has been gained from studies utilizing PVP measurements. In a recent work, HVPG exceeded 5 mm Hg in 8 out of 40 obese patients (20%) with no cirrhosis verified by transjugular liver biopsy, while one patient had an HVPG > 10 mm Hg indicating clinically significant PHT [28] . Another analysis of 50 patients with noncirrhotic NAFLD found that mean fibrosis scores of 27 subjects with normal PVP and 23 subjects with elevated PVP were similar, while steatosis, waist circumference, and HOMA-IR were all independently predictive of higher PVP [9] . These observations (within the limits of sampling error in liver biopsy) provide additional evidence that PHT may occur in NAFLD when steatosis is either the sole histological feature or minimal/ mild fibrosis is present, with excess visceral adipose tissue and insulin resistance playing a significant role in this process [9] .
3

Cellular and Molecular Mechanisms of Portal Hypertension in NAFLD
Steatosis and Hepatocellular Ballooning
Several mechanisms may impair sinusoidal hemostasis and contribute to the gradual rise of IHVR in NAFLD before cirrhosis develops (Fig. 1b) . Hepatocellular enlargement due to lipid accumulation in NAFLD is probably the earliest mechanical barrier to sinusoidal flow as lipid-laden cells reduce sinusoidal space by as much as 50% compared with normal liver [29] . Histological analysis of 545 liver specimens obtained from patients enrolled by the Nonalcoholic Steatohepatitis Clinical Research Network indicated that mild steatosis is predominantly centrilobular before the pattern becomes pan-acinar in severe steatosis or steatohepatitis [30] . These observations are consistent with enhanced lipogenesis detected in zone 3 hepatocytes and suggest that sinusoidal flow in the earliest stages of NAFLD is primarily perturbed in the centrilobular region [31] .
Sustained accumulation of lipid molecules and their derivatives in hepatocytes may cause lipotoxicity, affecting gene transcription, cellular signaling pathways, reactive oxygen species (ROS) formation, endoplasmic reticulum stress, and energetic vulnerability with cell death (lipoapoptosis) as a possible outcome [32] . Hepatocellular ballooning as a characteristic feature of steatohepatitis is related to lipotoxicity [30, 33] . Lipid vacuoles in ballooned hepatocytes contain increased amounts of oxidized phosphatidylcholine along with altered expression of fat droplet-associated proteins such as perilipin-2 [34] . These changes are accompanied by dilation of the endoplasmic reticulum and disorganization of the cytoskeleton, which becomes deficient in cytokeratin 18 [35] . Ballooned hepatocytes may have a diameter 1.5-2 times of their normal counterparts, further contributing to sinusoidal compression and elevated IHVR [33] . Notably, ballooned hepatocytes increasingly produce sonic hedgehog, a key signaling molecule implicated in subsequent development of liver fibrosis [36] .
Liver Cell-Cell Interactions
Nonparenchymal liver cells interact with fatty hepatocytes through complex endocrine, paracrine, and autocrine regulatory loops that further contribute to the disruption of sinusoidal homeostasis and may increase IHVR in NAFLD (Fig. 2) . Liver sinusoidal endothelial cells (LSECs) form a sinusoidal lining with holes up to 200 nm and no regular basement membrane [37] . The fenestrated endothelium of liver sinusoids is organized into sieve plates that allow macromolecules and cellular projections to enter the space of Disse, which separates sinusoidal blood from hepatocytes. Through the activity of endothelial nitric oxide synthase (eNOS), LSECs are the main source of nitric oxide (NO), a key vasodilator molecule regulating sinusoidal flow in the liver [37] . Normally, endothelial NO production is regulated by Kruppel-like factor 2 (KLF2), a transcription factor that also curbs the expression of vasoconstrictor mediators and becomes increasingly upregulated in LSECs exposed to shear stress [38] . This vasoregulatory response is impaired in liver injury, resulting in increased contractility and IHVR [37, 39] . Under these conditions, LSECs increasingly produce vascular cell adhesion molecule 1 (VCAM-1) and other factors that promote adherence of portal blood cells to the sinusoidal endothelium [39] . Some sinusoids may be narrow enough to be entirely obliterated by trapped cells, which is more likely to occur in the centrilobular region, accentuating the impact of steatosis [40] . Steatosis induced in Wistar Kyoto rats by the administration of cafeteria diet rich in saturated fatty acids over 1 month was associated with blunted activation of eNOS by insulin-induced phosphorylation at the Ser-1176 residue indicating insulin resistance and impaired capacity of LSECs to release NO under these conditions [41] . Portal perfusion pressure in these livers was higher, and the vasodilator response to acetylcholine was diminished. Since these changes were observed in the absence of inflammation or fibrosis, the findings suggest that endothelial dysfunction is an early feature associated with steatosis in NAFLD [41] .
Hepatic stellate cells (HSCs) are located in the space of Disse with long cellular projections wrapped around one or more sinusoids, similar to the arrangement of pericytes in the systemic circulation [42] . In normal conditions, HSCs remain quiescent in part because of the tonic inhibition of NO released from LSECs [37] . In response to liver injury, HSCs are activated through paracrine or autocrine mechanisms that involve platelet-derived growth factor (PDGF), insulin-like growth factor (IGF), endothelin-1, eicosanoid derivatives, and extracellular matrix components such as fibronectin [42] . Upregulation of the smooth muscle proteins actin and myosin increases the contractility of activated HSCs, further restricting sinusoidal flow [43] . Experimental observations in cirrhotic rat livers suggest that this reversible component accounts for 20-30% of IHVR [44] . In the absence of cirrhosis, however, this process may not be sufficiently synchronized across larger regions of the liver to yield clinically significant PHT [7] .
Kupffer cells are liver macrophages that recognize molecular danger signals derived from the portal circulation and implicated in the pathogenesis of NAFLD [45] . Exposure of Kupffer cells to pathogen-associated molecular patterns (PAMPs) stimulates pattern recognition receptors such as Toll-like receptor 4 (TLR4), which binds lipopolysaccharide (LPS) or endotoxin, a major cell wall component of Gram-negative bacteria found in the gastrointestinal tract [46] . Recently, the complex relationship of gut microbiota with sinusoidal homeostasis in NAFLD has been increasingly appreciated and will be further discussed below [47, 48] . Kupffer cells are also activated by endogenous damage-associated molecular patterns (DAMPs) of injured and dying hepatocytes and by HSCs via chemokines such as macrophage colony-stimulating factor (M-CSF) and monocyte chemoattractant protein-1 (MCP-1) [42] . Activated Kupffer cells release chemokines, eicosanoid derivatives, and reactive oxygen species (ROS) that invite additional cell-cell interactions and escalate the liver inflammatory response [49] . In contrast to the classic (M1) activation pathway, alternative (M2) activation of Kupffer cells may restrain inflammation, indicating a complex role in the pathogenesis of liver disease [45] . In a cohort of obese patients undergoing transjugular liver biopsy, HVPG correlated with higher M1/M2 ratios of portal macrophages inferred from the ratios of pro-and anti-inflammatory cytokines in liver circulation, identifying inflammation as a predictor of PHT [28] . In NAFLD, hepatocytes and nonparenchymal liver cells increasingly acquire different phenotypes and interact via multiple mediators (small white arrows). Increased VEGF production in addition to shear stress by steatotic and ballooning hepatocytes result in LSEC capillarization, hepatocyte growth factor (HGF) secretion and impaired perfusion (hypoxia), further aggravating hepatocellular injury that activates Kupffer cells via damage-associated molecular patterns (DAMPs), adding to the impact of PAMPs with generation of reactive oxygen species (ROS) and pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α). These mediators activate HSCs, which are also stimulated by capillarized LSECs via transforming growth factor-β (TGF-β), endothelin, and fibronectin, leading to secretion of collagen, VEGF, and chemokines such as macrophage colony-stimulating factor (M-CSF) and monocyte chemoattractant protein-1 (MCP-1). Multiple feed-forward cycles in this complex cross talk promote increased sinusoid pressure and histological features of NAFLD with variable impact on disease progression (large white arrows)
Sinusoidal Capillarization and Fibrosis
In response to liver injury, LSECs undergo progressive defenestration and form a basement membrane in a process termed capillarization [50] . Capillarized LSECs begin to deposit extracellular matrix proteins such as fibronectin and laminin in the space of Disse [37] . These morphological changes impair hepatic perfusion and hypoxia, leading to increased activation of hypoxia-inducible factors (HIFs) implicated in the transcriptional regulation of genes involved in angiogenesis, metabolic adaptation, cell survival and proliferation [51] . Several groups described sinusoidal capillarization as an early manifestation of endothelial dysfunction in experimental NAFLD [41, 52] . These changes were observed as early as within 1 week after the initiation of choline-deficient, l-amino acid-defined diet, and capillarization has been considered a "gatekeeper" in the progression to steatohepatitis, occurring before the concerted activation of Kupffer cells and HSCs [52] .
When HSCs are activated, collagen begins to accumulate in the space of Disse, while hepatocellular tissue plates initially maintain their structure [42] . Collagen deposition in NAFLD originates in zone 3 as perivenular fibrosis with a subtle pericellular component before extending into other parts of the liver lobule [53] . With further progression, portal fibrosis develops and increasingly dense fibrous bridges or septae grow between neighboring portal tracts and across the sinusoids [54] . This extensive fibrosis, along with cycles of hepatocellular destruction and regeneration, results in the formation of cirrhotic nodules [42] . Septal thickness and small nodule size have been the only independent predictors of clinically significant PHT in a study of 43 patients with cirrhosis of different etiologies [55] , suggesting that steatosis or steatohepatitis may not further contribute to PHT at this advanced stage of liver disease.
Hepatic Neovascularization and Altered Splanchnic Hemodynamics
There is increasing evidence that neovascularization is a key element in the progression of NAFLD [56, 57] . Formation of new blood vessels in chronic liver disease is linked to the advancement of fibrosis, indicating a close interplay between LSECs and HSCs. Vascular endothelial growth factor (VEGF) is the master regulator of this process, mediating both pro-fibrogenic and pro-angiogenic signals and supported by HIF activation in hypoxic areas [57] . Importantly, serum VEGF levels of patients with steatosis and steatohepatitis are higher compared to healthy controls [56] . Moreover, in animal models of genetic (db/db) and methionine-choline-deficient diet (MCDD)-induced NAFLD, increased VEGF levels occur as early as 3 days into steatosis before steatohepatitis of fibrosis develops [56] . Intralobular arterioles occasionally drain to sinusoids midway between zones 1 and 3 in the classic liver lobule [58] . The impact of these "arterial twigs" on sinusoidal flow is incompletely understood, although they may represent areas of higher pressure [59] . In a recent review of liver biopsies from patients with steatohepatitis, centrilobular arteries were common in cases with higher-stage fibrosis and occurred in 60% of livers with stage 1b (moderate zone 3 perisinusoidal) fibrosis [60] . Further studies may determine whether these vessels cause increased sinusoidal shear stress, representing self-perpetuation in the pathogenesis of PHT in NAFLD.
Recent research indicates that steatotic hepatocytes may release microparticles that mediate angiogenesis [61] . Exposure of human endothelial cells to supernatant of hepatocytes treated with saturated fatty acids mimicked the cellular response to VEGF, depended on endothelial uptake of microparticles in the range of 100-1000 nm, and required lipid rafts and vanin-1 (VNN1), a plasma membraneanchored ectoenzyme involved in cell adhesion and trafficking [61] . VNN1-containing microparticles isolated from the blood of mice with MCDD-induced steatohepatitis replicated the angiogenic effect. Moreover, these microparticles occurred in the perisinusoidal space and showed annexin V positivity, suggesting a critical role in linking lipotoxicity and angiogenesis [61] .
Splanchnic vasodilation is commonly associated with PHT in cirrhosis. Many vasoactive substances such as NO, glucagon, bile salts, platelet-activating factor, calcitonin gene-related peptide, atrial natriuretic peptide, adrenomedullin, and endocannabinoids have been implicated in arteriolar vasodilation in the visceral vascular bed that drains into portal circulation and causes increased portal inflow [7, 57] . These mediators may reach higher splanchnic concentrations due to impaired liver metabolism or increased portosystemic shunting [62] . Recent findings suggest that splanchnic vasodilation in NAFLD may contribute to increased PVP well before the development of cirrhosis. Mesenteric arterial and portal venous flow was higher in rats with simple steatosis induced by MCDD, underscoring the role of systemic metabolic and hormonal factors in sinusoidal vasoregulation [63] .
Dysbiosis and the Gut-Liver Axis
The bidirectional relationship of gut microbiota with chronic liver disease is documented as the gut-liver axis with an important role in the pathophysiology of NAFLD [48] . Disruption in the makeup of gut microbiota (dysbiosis) may occur in response to dietary modifications, gastrointestinal motility disorders, medications or other environmental factors [64] . Recent evidence indicates that these changes occur in NAFLD and have potentially adverse effects on liver physiology. Altered intestinal bile acid metabolism impairs hepatic and extrahepatic signaling pathways that include the farnesoid X receptor (FXR) and the G-protein-coupled bile salt receptor TGR5, which normally mediate anti-steatotic, anti-inflammatory, and anti-fibrotic effects [65, 66] . Moreover, weakening of the intestinal epithelial barrier may promote translocation of PAMPs into the portal circulation, stimulating the liver inflammatory response and disturbing sinusoidal homeostasis [48] . In turn, NAFLD progression is associated with increased systemic release of pro-inflammatory cytokines, amplifying the impact of dysbiosis and further impairing the function of intestinal tight junctions [67] . In cirrhotic patients with clinically significant PHT, we found distinct changes in duodenal epithelial morphology that become only apparent by confocal laser endomicroscopy and include increased columnar cell height and microvessel aberrations [68] . The importance of these changes in the pathophysiology of gut-liver axis remains unclear. However, there is increasing evidence that the vicious cycle of gut-liver dysfunction can be interrupted by manipulating the gut microbiota. Intestinal decontamination by rifaximin in mice following bile duct ligation reduces liver fibrosis, angiogenesis, and PHT in association with diminished activation of the LPS/TLR4 pathway and fibronectin production, which is limiting the cross talk between HSCs and LSECs [69] . Thus, modulation of the gut-liver axis may prove to be a helpful strategy for preventing and managing NAFLDassociated PHT [70, 71] .
Assessment of the Portal Venous Pressure in NAFLD
There have been significant efforts to find novel approaches for the assessment of increased PVP and replace traditional HVPG measurements that are invasive and performed only in specialized centers. Current strategies for the noninvasive appraisal of PHT include the use of various serum biomarkers, imaging studies, endoscopy, and liver stiffness measurements alone or in combination ( Table 1 ). The diagnostic performance of these methods in identifying patients with clinically significant PHT has been discussed extensively elsewhere [72] [73] [74] [75] [76] . It is important to note that these noninvasive methods have been primarily developed to predict the extent of liver fibrosis and very little is known about their ability to detect PHT that may precede cirrhosis and remains below the level of clinical significance (HVPG in the range of 5-10 mm Hg). While risk stratification and preventive care in NAFLD could potentially benefit from the detection of mildly increased PVP, no such method has been validated in noncirrhotic patient populations.
Subharmonic aided pressure estimation (SHAPE) is a novel method of dynamic contrast-enhanced (DCE) ultrasonography using encapsulated microbubble contrast material, which preferentially changes its acoustic behavior in response to ambient fluid pressure in the hepatic vessels and allows a noninvasive estimate of HVPG [77] . In a pilot study of 45 patients with variable liver diseases including 13 cases of NASH, clinically significant PHT was identified by SHAPE with a sensitivity of 89% and a specificity of 88%, while correlation with fibrosis scores was less robust [77] . Another remarkable diagnostic approach applies the graph theory to DCE ultrasonography. Construction of a hepatic "vascular connectome" from the imaging information of microbubble disruption captured in tiny areas of 3 × 3 pixels allows a network analysis of reperfusion heterogeneity in the cirrhotic liver [78] . The degree by which vascular connectivity correlates with subtle changes in sinusoidal hemodynamics of the noncirrhotic liver and early increase in PVP remains to be seen. A great advantage of DCE ultrasonography methods is that they reflect on both structural and dynamic components of sinusoidal microcirculation.
Recent studies indicate that several magnetic resonance (MR)-based methods show excellent correlation with HVPG measurements even in the range of mild PHT. Thus, quantitative MR measures of liver T 1 longitudinal relaxation time and splenic artery velocity may accurately estimate HVPG values on a continuous scale in patients with cirrhosis and PVP ranging from normal to the level of clinically significant PHT [79] . Moreover, liver stiffness measured by 2-dimensional (gradient-recalled echo) MR elastography showed good correlation with portal venous pressure in a small cohort of patients with cirrhosis with various etiologies including steatohepatitis and HVPG ranging from as low as 3-16 mm Hg [80] .
Another promising approach to extend PHT assessment to noncirrhotic individuals may be translated from animal studies that suggest the feasibility of direct PVP measurements guided by endoscopic ultrasound [81, 82] . This technique has been validated by parallel HVPG readings in both normal and elevated ranges of PVP [81] . Moreover, use of a 19-gauge needle preloaded with a digital pressure wire provides additional ease and precision [82] . The analog device is slated for FDA approval in early 2018. It remains to be seen if any of these or other emerging methods of "endo-hepatology" [83] will allow the detection of mildly increased PVP in lieu of HVPG measurements, which could help define early vascular biomarkers of disease progression and identify patients at increased risk for adverse outcomes in NAFLD.
Therapeutic Perspectives
Current pharmaceutical options for the management of PHT and its acute complications such as variceal bleeding include the use of nonselective beta blockers and other vasoconstrictor drugs such as vasopressin and octreotide [8, 84] . In recent years, several new pharmacological strategies have been considered for the improved control of clinically significant PHT, with statins being best evaluated for their impact on PVP and survival in cirrhosis [85, 86] . However, most drug candidates implicated in the control of PHT have not yet reached the human phase of investigation and we only have experimental evidence for their PVP lowering effects (Table 2 ). Details about the mechanisms of action and potential utility of these agents have been the subject of several recent reviews [87] [88] [89] [90] . From the viewpoint of noncirrhotic NAFLD, interventions that target reversible components of endothelial dysfunction and deranged sinusoidal circulation may be of particular interest. Prevention of HSC activation as a main mechanism of action in the management of PHT has been reported for several pharmaceutical agents. Administration of simvastatin in cirrhotic patients with an HVPG ≥ 12 mm Hg significantly decreased IHVR, attenuated postprandial increase in HVPG, and improved effective liver perfusion and metabolic capacity [85, 91] . These effects of statins may stem from increased eNOS activity by LSECs and from inhibition of Rho-kinase-mediated contractility of HSCs [92] , which may shape the early phases of PHT. Further studies may determine whether some of the clinical benefits of statins related to cardiovascular and liver-related mortality in NAFLD [93, 94] originate from a direct impact on sinusoidal homeostasis. Additional agents with impact on HSC activation and contractility include mitochondrial antioxidants [95, 96] , renin-angiotensin system inhibitors [97] , and relaxin [98] . Finally, selective Experimental Intestinal decontamination by rifaximin blocks TLR4-mediated activation of HSCs and modulates FXR signaling by changing intestinal bile acid composition associated with reduced fibrosis, angiogenesis, and PVP in experimental PHT [69] beta3 receptor agonists induce relaxation of HSCs via cAMP accumulation and Rho-kinase inhibition with no effect on normal PVP, indicating that these drugs primarily target the dynamic components of IHVR [99, 100] . FXR has recently become a major pharmacological target in NAFLD owing to its complex role in bile acid and lipid metabolism, inflammation, and fibrosis [101] . FXR increases the expression of dimethylarginine dimethylaminohydrolase (DDAH), which eliminates asymmetric dimethylarginine (ADMA), a competitive endogenous inhibitor of endothelial nitric oxide synthase (eNOS) abundant in cirrhosis [102] . Obeticholic acid (OCA), a synthetic bile acid ligand of FXR, reduces experimental PHT by reactivating FXR signaling pathways of vasorelaxation through DDAH and eNOS upregulation and Rho-kinase repression [103] . FXR stimulation also inhibits contraction of HSCs mediated by endothelin-1 [104] . The novel nonsteroidal FXR agonist PX20606 improves sinusoidal flow and lowers PVP in association with limiting fibrosis, angiogenesis, and endothelial dysfunction in experimental models of PHT [105] . Moreover, treatment of db/db obese mice with INT-767, a dual FXR/TGR5 agonist, results in diminished hepatic steatosis, reduced expression of pro-inflammatory cytokines, and phenotype shift of macrophages toward the anti-inflammatory M2 phenotype [106] . Future studies will define the clinical utility of these and other emerging drug candidates in managing PVP that may not reach the level of clinical significance but could promote the progression of fibrosis and contribute to adverse outcomes in NAFLD.
Conclusions
We have now evidence that PHT develops in noncirrhotic NAFLD. IHVR is often elevated in NAFLD when steatosis is the only histological feature, and the subsequent increase in PVP can eventually amount to clinically significant PHT before cirrhosis is established. Narrowing of the sinusoidal space by steatotic hepatocytes is probably the earliest cause of shear stress as a major impetus for endothelial dysfunction, aggravated by additional biomechanical and rheological factors (ballooning, contractility, cell adhesion, capillarization, neovascularization, and extracellular matrix deposition) that may precede fibrosis. While clinically significant PHT in noncirrhotic NAFLD is rare and the impact of mild PHT on liver-related morbidity remains unclear, it is reasonable to speculate that sinusoidal pressure is a major factor of the pathobiology and any degree of increased PVP may contribute to disease progression by accelerating liver cell injury, inflammation, angiogenesis, and fibrosis. Improved methods of noninvasive PVP monitoring may further explore the pathogenesis NAFLD and better identify patients at increased risk of disease progression who would benefit from novel preventive and therapeutic strategies.
